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Abstract: Dihydropyridines (DHPs) have emerged as one of the most commonly used families of drugs for
treating various diseases related to heart and blood vessels. In this study, artificial neural networks (ANNs)
and multiple linear regression (MLR) were applied to construct robust Quantitative Structure-Activity
Relationship (QSAR) models modeling the biological activity of calcium channel blockers derived from 1,4-
dihydropyridine. Quantum descriptors were calculated using the Density Functional Theory (DFT) with the
B3LYP functional and the 6-31G+(d,p) base level. The predicted data derived from the develovepped
models (ANN and MLR) are in perfect agreement with those deived from experiments. Furthermore, the
molecular docking approach was applied to gain insights into the interaction mechanism of the invistegated
ligands and the target receptor, and to quantify their binding energies. The study also included the assessment
of drug likeness to predict the behavior of the analyzed compounds in the human body. These computational
methods have the potential to accelerate the discovery and development of new drugs, thereby
revolutionizing the pharmaceutical industry.

Keywords: QSAR, Artificial Neural Network, DFT, Molecular Docking, Calcium Channel Blockers,
Dihydropyridine.

1. Introduction

The dihydropyridine (DHP) family is a group of
heterocyclic molecules based on pyridine.The total
synthesis of the 1,4-dihydropyridine(DHP14)
molecule was carried out by Hantzsch, a hundred
years ago[1].

In recent years, researchers have tested and
approved that DHP14 derivatives have significant
biological activities and medical scientist have
introduced them into clinical medicine for a wide
variety of biological targets, for example as
bronchodilators, vasodilators, anti-diabetics, anti-
tumors, anti-inflammatories[4-12].
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Over time, DHPs have become one of the most used
families of drugs to treat various diseases related to
the heart and blood wvessels. [13-15]. These
compounds act as calcium channel blockers (Ca®")
which are also called (CCBs), so they are calcium
channel antagonists, which disturb the fluidity of
Ca2+ in the calcium channels.[3,16]. The most
commonly used DHP14 are felodipine, clevidipine,
benidipine, isradipine nitrendipine , nifedipine
[17,18], their structures are illustrated in Fig.1.

The application of computational methods, such as
QSAR modeling, molecular docking, and drug
likeness, has shown great potential in accelerating
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the discovery and development of new drugs. These
approaches have the ability to revolutionize the
pharmaceutical industry by providing reliable
predictions and insights into ligand-protein
interactions.modern works have used artificial
neural network methods to build QSAR models
with selective predictivity [19].

We found in the literature numerous QSAR
analyzes on DHP14 analogues, which target the

discovery of new calcium channel blockers. In
2003, Safarpour et al [20] have carried out several
QSAR studies, using quantum computing methods.
In 2004, Hemmateenejad et al. [15] applied the GA-
MLR and PC-GA-ANN techniques to model the
CCB activity of the nifedipine analogue. In the year
2005, Yao et al. [21] used the LSSVM method to
find selective models of a set of DHP14 inhibitors.
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Fig. 1. Structures of the main DHP14.
Scheme 1. Structures of DHP14 derivatives under study.
Table 1. Structures of Ligands.

N Ri ni R: n; Molecular Formula ICso/ mmol/l pICso
1" CeH, 0 CeH, 0 C30H37N304 3.02x1010 9.52
2 CeH, 1 CeH, 1 C3oH41N304 3.60x10!! 10.44
3 CeH, 2 CeH, 2 C34H4sN304 1.79x10!! 10.74
4 CeH, 3 CeH, 3 C36H49N304 1.20x10!! 10.92
5 CeH, 4 CeH, 4 C36H49N304 6.43x1010 9.19
6 C5H9b) 3 C5H9 b) 3 C34H45N304 2.79x% 10'9 8.55
7* C6H5 1 C6H5 1 C32H29N304 5.61 XIO'IO 9.25
8* C6H5 2 C6H5 2 C34H33N304 4.52 XIO'IO 9.34
9 C6H5 3 C6H5 3 C36H37N304 9.72 XIO'H 10.01
10 C6H5 4 C6H5 4 C40H45N304 6.42 x1 0'10 9.19
11 C6H5 5 C6H5 5 C40H45N304 8.91 x 10'8 7.05
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12 CeH, 0 CH3; 0 Co5sHp9N304 1.75 x 10710 9.75
13 C6H1 13) 0 CHzCHs 0 C26H31N304 8.45 x 10'10 9.07
14 C6H11a) 1 CH3 0 C26H31N304 2.80x 10'9 8.55
15* C6H11a) 1 CHzCHs 0 C27H33N304 1.32x 10'9 8.88
16 C6H11a) 2 CH3 0 C27H33N304 3.02x 10'9 8.52
17 C6H11a) 2 CHzCHs 0 C28H35N304 1.09x 10'9 8.96
18 CeH, 3 CH3; 0 CygH35N304 3.52x 107 8.45
19 C6H1 13) 3 CHzCHs 0 C29H37N304 2.23x 10'9 8.65
20 C6H11a) 4 CH3 0 C29H37N304 4.94x 10'9 8.30
21 C6H1 13) 4 CHzCHs 0 C30H39N304 6.31x 10'9 8.20
22 C6H5 1 CH3 0 C26H25N304 2.71x 10'10 9.56
23 C6H5 1 CHzCHs 0 C27H27N304 2.11x 10'10 9.67
24* C6H5 2 CH3 0 C27H27N304 5.23x 10'10 9.28
25 C6H5 2 CHzCHs 0 C28H29N304 1.90x 10'10 9.72
26 4-CH3-C6H4 2 CH3 0 C28H29N304 3.24x 10'10 9.49
27 4-CH3-C6H4 2 CHzCHs 0 C29H31N304 5.75x% 10'10 9.24
28 C6H5 3 CH3 0 C28H29N304 5.84x 10'10 9.23
29* C6H5 3 CHzCHs 0 C29H31N304 8.75x 10'9 8.05
30 C6H5 4 CH3 0 C29H31N304 6.14x 10'9 8.21
31 C6H5 4 CHzCHs 0 C30H33N304 5.02x 10'9 8.30

*Compounds used for external test set. Experimental activity values (IC50) from ref. [6].
Index a: Cyclohexyl and index b: Cyclopentyl

During the year 2013, Hadizadeh et al. [22]
developed an MLR model to discover new
compounds, such as CCB, using descriptors
calculated by DRAGON software.

Da Mota et al. [23] proposed two analogues with
activities comparable to known calcium channel
blockers after using several methods namely: MIA-
QSAR, docking and drug-like. Additionally
Jardinez et al. [24] applied the reduced density
gradient approach to calculate QSAR descriptors,
on 1,4-dihydropyridine derivatives such as
antihypertensives

Recently, El-Moselhy et al. [25] constructed 3D-
QSAR models; these approaches are based on
synthesized molecules and with inspiration from
molecular docking investigations.

In this study, the invistigated molecules, containing
4-imidazolyl substituents, were synthesized by
Navidpour et al. [26]. Two statistical
methodnamely multiple MLRand ANNwere used
for the developpement of QSAR models (QSAR/
MLR and QSAR/ANN). We also used the DFT
quantum method for geometric optimization of
structures and calculations of quantum descriptors.

2. Computational Method

2.1. Dataset

A series of 31 compounds, known as DHP14, were
examined in a previous publication for their

biological activity and revealed good activity as
calcium channel blockers (CCBs) [26]. These
compounds share the same core structure, DHP14,
and are substituted by ester systems in positions 3
and 5 in addition to a phenyl imidazolyl group.
Their biological activity as CCBs was influenced
by these structural alterations as displayed in Table
1. To clarify these structural alterations and their
role in biological activity, these compounds were
retrieved for further study. All of the compounds
that were examined are shown simultaneously in
Table 1 and Scheme 1.

2.2. Drug likeness

The drug likeness descriptors of the investigated
were in silico predicted using HyperChem 8.03
[271, and Molinspiration via the site
(http://www.molinspiration.com). These
descriptors including molecular weight (MW),
topological polar surface area (TPSA), number of
rotatable bonds (Nrotb), molar refractivity (MR),
hydrogen bond donors (HBD), and hydrogen bond
acceptors (HBA) are known to be closely
associated with key molecular properties such as
solubility, bioavailability, and permeability through
membranes [28].

Lipinski's Rule states that compounds that have less
than 500 Da of molecular weight, less than 5 log P
values (lipophilicity), less than 5 hydrogen bond
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donors, and less than 10 hydrogen bond acceptors
will probably be better absorbed when taken orally
[29]. Additionally, Veber's rule states that
compounds having a total polar surface area
(TPSA) of less than 140 A? and fewer than 10
rotatable bonds are more likely to have good
bioavailability [30].

Furthermore, according to Ghose's rule [31],
substances having a total number of atoms between
20 and 70, a molecular weight between 160 and 480
Da, a log P value between -0.4 and 5.6, and a molar
refractivity (MR) between 40 and 130 are thought
to have advantageous drug-like qualities.

2.3. Molecular docking analysis

Molecular docking investigations [32-33] were
performed using Autodock Vina software [34] to
determine the mode of interaction of the DHP14
derivatives and the target receptor (Calcium
Channels).

The crystal structure of Calcium Channel, was
taken from the Protein Data Bank (PDB ID:
S5KMD). After removing all bound ligands from the
target, the polar hydrogens were added, and
Kollman charges were calculated using AutoDock4
tools. The gird box was set as: (x = 39.626 A,y =
36.709 A, z=14.846 A) at 20 A size with a spacing
of 0.375 A. While the geometries of the ligand
have optimized with the
mathematical algorithm of the steepest descent with
the Avogadro program [35]. Finally, the DHPs
were docked to CCBs and the ligand-receptor
interactions were analyzed and interpreted by using
the Discovery Studio program 2021 [36].

structures been

2.4. Investigated structures and electronic
descriptors.
The structures of the DHP14 derivatives have been
optimized using the Gaussian 16 software [37] and
to estimate their quantum descriptors using the DFT
method, at B3LYP/6-31G+(d,p) level [*7]. The
DFT method has been widely used in recent years,
particularly in our previous work[38-42]. The
HOMO and LUMO orbitals are called frontier
orbitals, which are major parameters in quantum
chemistry because they determine how the
molecule reacts with neighboring chemical entities.
The value of the frontier orbital gap allows us to
estimate and characterize the kinetic stability and
the chemical reactivity of the studied molecule (Eqap

= Erumo - Enomo). A molecule which has a small

gap is more polarizable, that is to say associated
with a strong reactivity and a weak kinetic stability
and it is called a soft molecule, The conceptual
descriptors based on the DFT quantum method
have facilitated a good understanding of the 3D
structure of biomolecules and their reactivity by
computational calculation of the global hardness
(m) and the chemical potential (n). These two
potentials are calculated according to the frontier
orbitals as follows: the chemical potential p is equal
to (EnmomotELumo)/2 and the global hardness is
given by 1 = (-Enomo + Erumo)/2 [43]. This index
assesses the stability of the molecule when the
electronic system has received an additional charge
from its vicinity. Electrophilia therefore has a
double capacity, the first to gain an electronic
charge and the second to resist an exchange of
electronic charge with its surroundings. The overall
electrophilic power (®) of a biomolecule (ligand) is
given by the following relationship: o= u2/2n.

2.5. QSAR analysis

The construction of a QSAR model is carried out by
three essential stages: The first step is the
preparation of the data, the second is the analysis of
the data and finally the last is the validation of the
model. The resulting models are then used to select
new ligands based on the results obtained and the
predicted biological activities in order to find a
model that has a very predictive power.

In this work we used two different methods of
chemoinformatics techniques, the first one is
Multiple Linear Regression (MLR) method and the
second method is Artificial Neural Networks
(ANN), were used to correlate the relationship
between the biological activity of ligands and
corresponding descriptors.

For the construction of the model, we randomly
divided the collected series in two sets; a training
and a test set. We calculated the internal validation
indices and the parameters of external validation to
test the reliability and the quality of our built
models, as well as the y-randomization test
parameters to have an overview of the robustness of
the model, in which. We have identified the domain
of applicability of the model to be used as a tester
to discover novel ligands with improved CCB
activities.
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3. Results and discussion

3.1. Drug likeness evaluation

All compounds were subjected to the drug likeness
assessement using Hyperchem software, and
moolinspiration site. The results were listed in
Table 2 and showed that except for ligands 22, 23,
24 and 26, all compounds have a value of the
partition coefficient (LogP) ranging between 0 and
5, which results in good oral bioavailability; ie has
good aqueous solubility to dissolve in
gastrointestinal fluids and good permeability to
cross biological membranes. A negative value for
log P, (LogP < 0, P<1) ,which has the consequence
that the ligand is too hydrophilic, so it has better
water solubility and easy renal elimination, but low
permeability and poor binding to plasma proteins.
A positive value for log P, (LogP >0 P > 1), it has
the consequence that the ligand is too lipophilic,
therefore it has good permeability through the
membrane, better binding to blood plasma proteins
and metabolic elimination by the liver, but low
solubility in aqueous media and difficult gastric
tolerance [44].

Molecular weight (MW)
influencing drug permeability, for molecules with

is a major factor

molar mass < 450, it results in better cerebral
permeability and through lipid bilayer membranes
this is the case for ligands 12, 13, 14 and 22 [45].
All the ligands have values of HBA (H-bond
acceptors) lower than 10 and HBD (H-bond donors)
lower than 5, so they respect Lipinski's rule well.
high number of HBA results in poor permeability
through lipophilic biological barriers, while lower
number result in good permeability [46,47].

The topological polar surface area (TPSA) is a
primary factor in predicting the intrinsic properties
of ligand transport in the body, especially in
permeability, that is to say the speed of passage of
molecules through the blood-brain barrier and also
in intestinal absorption [48]. By a simple reading of
the results, we see that all the ligands have values
lower than 140 A2, so it respects Veber's rule well,
which compares the oral bioavailability of the
ligand to molecular flexibility.

In conclusion, the majority of the ligands respect
the rules of Lipinski, Veber and Ghose. In the
particular case, ligand 12 has the best scoring in the
three rules mentioned above. So these rules help us
select the lead compound.

Table 2. Properties of DHP14 and rules scoring.

Compound Molecular Log | HBD | HBA | Lipinski | Number Rotatable | TPSA | Veber N MR Ghose

Weight (amu) P Score Bonds Score | atoms Score
(1) 503.28 1.64 2 7 3 8 93.32 2 37 150.09 2
2) 531.31 2.27 2 7 3 10 93.32 2 39 159.55 2
3) 559.34 291 2 7 3 12 93.32 1 41 168.91 2
4) 587.37 3.71 2 7 3 14 93.32 1 43 178.11 2
5) 615.40 4.50 2 7 3 16 93.32 1 45 187.31 2
(6) 559.34 291 2 7 3 14 93.32 1 41 168.91 2
(7) 519.22 0.50 2 7 3 10 93.32 2 39 165.57 2
®) 547.25 1.00 2 7 3 12 93.32 1 41 175.08 2
) 575.28 1.79 2 7 3 14 93.32 1 43 184.28 2
(10) 603.31 2.58 2 7 3 16 93.32 1 45 193.48 2
(11) 631.34 3.38 2 7 3 18 93.32 1 47 | 202.68 2
(12) 435.22 0.05 2 7 4 7 93.32 2 32 129.08 4
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(13) 449.23 0.40 2 7 4 8 93.32 2 33 133.82
14) 449.23 0.37 2 7 4 8 93.32 2 33 133.81
(15) 463.25 0.71 2 7 4 9 93.32 2 34 138.56
(16) 463.25 0.69 2 7 4 9 93.32 2 34 138.49
a7 477.26 1.03 2 7 4 10 93.32 2 35 143.23
(18) 477.26 1.09 2 7 4 10 93.32 2 35 143.09
19) 491.28 1.43 2 7 4 11 93.32 1 36 147.84
(20) 491.28 1.48 2 7 4 11 93.32 1 36 147.69
21 505.29 1.83 2 7 3 12 93.32 1 37 152.44
22) 443.18 -0.52 2 7 4 8 93.32 2 33 136.81
(23) 457.20 -0.17 2 7 4 9 93.32 2 34 141.56
24) 457.20 -0.27 2 7 4 9 93.32 2 34 141.57
25) 471.22 0.08 2 7 4 10 93.32 2 35 146.32
(26 471.22 -0.11 2 7 4 9 93.32 2 35 145.85
27 485.23 0.23 2 7 4 10 93.32 2 36 150.60
(28) 471.22 0.13 2 7 4 10 93.32 2 35 146.17
29) 485.23 0.47 2 7 4 11 93.32 1 36 150.92
(30) 485.23 0.53 2 7 4 11 93.32 1 36 150.77
(€28) 499.25 0.87 2 7 4 12 93.32 1 37 155.52

Table 3. Binding energies of the complexes.

Compounds Binding Energy (kcal/mol) Compounds Binding Energy (kcal/mol)
1 -8.3 17 -8.3
2 -7.9 18 -7.8
3 -7.8 19 -7.9
4 -8.7 20 -8.1
5 -6.9 21 -7.6
6 -8.4 22 -7.9
7 -7.7 23 -7.7
8 -8.3 24 -8.5
9 -9.0 25 -8.2
10 -7.2 26 -8.8
11 -7.4 27 -8.4
12 -8.0 28 -8.7
13 -7.8 29 -8.5
14 -8.1 30 -8.4
15 -7.8 31 -8.1
16 -7.9 Amlodipine -5.5
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3.2. Molecular docking.

The molecular docking of all studied compounds in
the binding site of target was performed using
Autodock software, the Amlodipine was also
docked as the reference draug to compare the
obtained results. the binding energy were listed in
Table 3, and good values of binding energy was
observed for all created complexes, it may due to
the type, and the number of the formed interactions
between the ligands and the main residues of target.
We note that all ligands have lower binding
energies compared to the reference drug
amlodipine.

Initially, we looked at the interactions between the
drug Amlodipine and the calcium channel target.

H-Bonds
Donor

Acceptor L

The key residues that characterize the active site of
the receptor have been identified through the
analysis of the active sites of Amlodipine. Figure 2
shows that amlodipine binds to the receptor, with
the involvement of three hydrogen bonds with
(GLY D): 1164, and two m-m interactions with
(PHE D): 1167 and (TYR C): 1195. It can be
deduced that these three hydrogen bonds are
considered to be the most powerful key residues,
thus influencing the activity of calcium channels.
The multiple interactions between the most active
ligands: 2, 3 and 4 and their target have been
interpreted and analyzed; to understand their high
pICso values.
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Figure 2. 2D and 3D interactions between amlodipine and the calcium channel target.
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Figure 3. 2D and 3D interactions between the calcium channel crystal structure and the compounds
(2:Top, 3: Middle and 4: Bottom).

Table 5. The predicted molecular descriptors for the 29 studied compounds.

N EM LOgS NRB SC SVD TD MR HE \% SAG lOgP EHOMO ELUMD EHDMD-] ELUMO+1 D E LI | b4 EGﬂL
1 50328 -7.50 8 1 122 14 150.09 -4.21 1451.63 8l12.16 1.64 -5.24 -1.63 -5.83 -0.47 392 -44361.11 181 344 3.1
2 53131 -840 10 1 126 16 15955 -3.62 1569.04 870.21  2.27 -5.28 -1.68 -5.88 -0.51 375 -46499.93 1.80 348 3.60
3 55934  -8.78 12 1 130 18 16891 -2.24 1756.62 1003.51 291 -5.26 -1.65 -5.85 -0.49 3.81 -48639.02 180 346 3.61
4 58737 -9.46 14 1 134 20 178.11 -3.07 1846.21 1052.63 3.71 -5.26 -1.66 -5.86 -0.50 373 -50778.11 1.80 3.46 3.60
5 61540 -10.14 16 1 138 22 18731 -1.01 1988.95 1150.05 450  -5.26 -1.66 -5.86 -0.50 377 -52916.92 1.80 346 3.61
6 55934  -8.67 14 1 130 18 16891 -296 171328 979.85 2091 -5.26 -1.66 -5.87 -0.50 3.73 -48638.47 1.80 3.46 3.60
7 51922 -7.80 10 1 138 16 165.57 -104 144830 &14.67 0.50 -5.21 -1.71 -5.89 -0.57 4.08 -46302.92 1.75 3.46 3.50
8 54725 -8.09 12 1 142 18 175.08 -9.61 159933 91566 1.00 -5.31 -1.72 -5.92 -0.55 379 -48442.01 1.80 3.52 3.59
9 57528 -8.63 14 1 146 20 184.28 -8.88 1684.03 954.11 1.79 -5.28 -1.70 -5.89 -0.51 370 -50580.82 1.79 349 3.59
10 603.31 -9.47 16 1 150 22 19348 -8.21 1793.49 1008.54 2.58 -5.30 -1.70 -5.90 -0.53 3.74 -5271991 1.80 3.50 3.60
11 631.34 -10.31 18 1 154 24 202.68 -7.66 1880.58 1063.00 3.38 -5.28 -1.69 -5.89 -0.51 3.74  -54859.00 1.79 348 3.59
1243522 -5.79 7 1 110 14 129.08 -539 125230 71383 0.05 -5.28 -1.68 -5.87 -0.49 4.12  -39046.18 1.80 3.48 3.60
13 44923  -6.13 8 1 112 14 133.82 -4.81 1308.63 74527 0.40 -5.27 -1.66 -5.85 -0.49 4.08 -40115.86 1.81 3.46 3.62
14 44923  -6.24 8 0 11215 13381 -5.02 1324.04 761.86  0.37 -5.28 -1.70 -5.90 -0.52 377 -40115.59 1.79 349 3.58
15 46325 -6.58 9 0 114 15 138,56 -4.41 137632 793.15 0.71 -5.28 -1.68 -5.88 -0.51 377 -4118527 1.80 3.48 3.60
16 463.25 -6.81 9 1 114 16 13849 -443 144798 82577  0.69 -5.27 -1.69 -5.89 -0.50 397 -41185.00 1.79 3.48 3.58
17 47726  -7.15 10 1 116 16 14323 -3.85 1483.56 85408 1.03 -5.26 -1.67 -5.87 -0.50 391 -42254.68 1.80 347 3.60
18 47726  -7.22 10 0 116 17 143.09 -4.40 146237 844.40 1.09 -5.27 -1.69 -5.89 -0.51 379 -4225441 1.79 348 3.58
19 49128  -7.56 11 0 118 17 147.84 -3.88 152498 886.22 1.43 -5.27 -1.67 -5.87 -0.50 3.86 -43324.09 1.80 347 3.60
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11 1 118 18 147.69 -3.78 1511.14 880.51
12 1 120 18 15244 -329 156252 899.07
8 0 118 15 136.81 -8.27 126250 723.19
9 0 120 15 141.56  -7.69 1318.10 552.38
9 1 120 16 141.57 -8.15 1336.03 772.92
10 1 122 16 14632 -7.57 1389.85 801.39
9 0 122 17 14585 -6.95 1381.48 801.95
10 0 124 17 150.60 -6.38 143692 829.38
10 0 122 17 146.17 -7.72 1381.76 799.42
11 0 124 17 15092 -7.14 1436.81 831.57
11 1 124 18 150.77 -7.42 149196 873.56
12 1 126 18 155.52 -6.84 154791 903.90

1.48 -5.27 -1.69 -5.90 -0.51 3.89 -43324.09
1.83 -5.27 -1.67 -5.87 -0.50 3.83  -44393.77
-0.52 522 -1.70 -5.89 -0.57 3.76  -40016.81
-0.17 =522 -1.68 -5.87 -0.57 3.71 -41086.49
-0.27  -5.30 -1.72 -5.92 -0.54 3.92  -41086.49
0.08 -5.30 -1.70 -5.90 -0.53 3.84 -42156.17
-0.11  -5.19 -1.70 -5.89 -0.48 3.61 -42156.17
0.23 -5.19 -1.68 -5.87 -0.47 3.56 -43225.85
0.13 -5.28 -1.71 -5.91 -0.52 3.78 -42155.90
0.47 -5.28 -1.69 -5.89 -0.51 3.73  -43225.58
0.53 -5.29 -1.71 -5.92 -0.53 3.78  -43225.58
0.87 -5.29 -1.69 -5.90 -0.53 3.73  -44295.26

1.79
1.80
1.76
1.77
1.79
1.80
1.75
1.76
1.79
1.80
1.79
1.80

3.48
3.47
3.46
3.45
3.51
3.50
3.44
343
3.50
3.49
3.50
3.49

3.58
3.60
3.51
3.54
3.58
3.59
3.49
3.51
3.57
3.59
3.58
3.60

Notes: Exact Mass(EM)// Intrinsic Solubility (Log S)// Number of Rotatable Bonds(NRB)// Shape Coefficient(SC)// Sum of
Valence Degrees(SVD)// Topological Diameter(TD)// Molar Refractivity(MR)// Hydration Energy(HE)// Molar Volume(V)//
Surface Area Grid(SAG)// logarithm of the partition Coefficient(Log P)/ Dipole moment (Debye)//

Total energy: E (eV)// Hardness:n(eV)// Electronegativity: x(eV)// Energy Gap :Ecqy(€V) //molecular orbitals: Enomo, ELumo, Enomo-

1and Epumor1 in(eV).

Figure 3 shows that ligand 2 mainly interacts with
two key residues, namely (TYR C):1195, (PHE
D):1167 via a m-m interaction with (TYR C):119 as
well as a i -alkyl interaction with (PHE D): 1167 in
addition to other interactions with (PHE D): 1171
and (ILE C): 1199, which justifies its potency as a
calcium channel blocker.

In addition, compound 3 is complexed with the
target, this complex involves five alkyl interactions
with (ILE C): 1199, (TYR C): 1195 and (VAL C):
1196 a m-m interaction with (TYR C): 1195 and a
hydrogen bond with (GLY D): 1164. The amino
acids TYR C and GLY , which the ligand 3
interacts, are active sites which influence the
biological activity of the Calcium Channel receptor,
this well justifies the activity observed from this
ligand to the target.

Ligand 4 is the most active of all studied
compounds , it interacts with all the key residues
which have an influence on the activity of the CCB.
Furthermore, this ligand is linked in a hydrogen
bond with (GLY D): 1164, four alkyl interactions
with (TYR C): 1195, (PHE D): 1167, (ILE C): 1199
and (VAL C): 1196, two two m-1 interactions with
(PHED ): 1167 and (TYR C): 1195, and finally two
n-r with (TYR C): 1195 and (PHE D): 1171.

The comparison of the number of interactions in the
complexes, between the key residues and the most
active ligands. (Table 4), gives us a rigorous
interpretation of the good biological activity against
CCB, this is also well demonstrated by experience.
We find that we have more efficient activity if the
number of interactions of the ligans with the key
residues is high. Thus, according to the results of
docking, they validate and verify the activities
observed (in vitro) for the DHP14 derivatives
studied [26].

Table 4. Interactions between key residues and
the most active ligands.

Interacting sites

Compound plCsy GLY PHE TYR
D D C
2 10.44 0 1 1
3 10.74 1 0 2
4 10.92 1 2 3
3.3. DFT study

Based on our previous works, as in the following
references [38-42], the common subunit analysis of
all ligands can help to understand their 3D structure
and the structural components that well influence
their CCBs activities. We noticed that the 3D
conformation of 4-imidazolyl-1,4-dihydropyridine,
which is the basic structure of DHP14’s, changes its
3D conformation after the introduction of the
different substituents.

According to Figure 4, Compound 3 has a
conformation composed of two parallel planar
systems: phenyl and imidazolyl, while the DHP14
moiety is nearly orthogonal to both systems. In the
series of ligands studied, three cycles are however
close to the plane, which favors their stabilization
by a delocalization of the electronic system on these
three cycles. The differences in conformation
between the basic structure (single subunit) and the
different ligands are interpreted by the presence of
more long-lasting interactions between the phenyl
substituents and the alkoxy substituents attached to
the esters.

3.4. QSAR studies

Several molecular descriptors were calculated for
each compound of the studied 29 compounds by
using Dragon , and Gaussian 16 programs. These
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descriptors were collected to form a dataset with the
correspending biological activity to predict which
among influence the CCB activity. among these
descriptors the octanol/water partition
coefficient/Log P, the intrinsic solubility/Log S, the
exact mass /EM, the number of rotatable
bonds/NRB, the sum of the degrees of
valence/SVD, the shape coefficient/SC, the
topological  diameter/TD, the energy of
hydration/HE, the molar efractivity /MR, the molar
volume/ V and the surface grid/SAG. Table 5
presents the calculated molecular descriptors
(Quantum, and non-quantum descriptors) with their
correspending biological activity[49-51].

‘:

& 4‘,«{
JJJ‘ JJ

)
P
f-*!.

7

Figure 4. The optimized conformation of the
Compound 3.

QSAR models try to correlate a numerical value of
the molecular structure to an observable entity such
as biological activity or a chemical property, for
example the retention index. In general, the QSAR
equations relate an activity or a physical-chemical
property of an observable and measurable type to a
certain selected descriptors whose number is well
defined beforehand.

In this work, the statistical software under Excel:
XLSTAT software [52] is used for multiple linear
regression (MLR) and the numerical calculation

platform: Matlab tools [53] for investigations on
artificial neural networks (ANNS).

3.4.1. MLR Regression Application

Multiple linear regression (MLR) is the most used
molecular modeling method, it is the extension of
simple linear regression to the multivariate cas. The
objective of the MLR statistical method is to
correlate the linear relationship between the
independent variables and the dependent response
variable [54].

In this study, a reliable correlation was found
between the activity of Calcium Channel Blocker
and the calculated descriptors which is given by the
following equation of mathematical model:

(pICs0) =4.089 + 1.871 Log S - 1.242 NRB - 0.494
SVD + 0.568 MR -12.480 Erumo+1

According to the correlation equation, we find that
Calcium Channel Blocker activity is a function of
the following deciptors which directly influences
the activity: the intrinsic solubility, the number of
rotatable bonds, the sum of the degrees of valence,
molar refractivity and energy of LUMO™!. We also
note that the following coefficients of the
mathematical model equation: Log S and MR are
positive, while the rest of the coefficients are
negative. Therefore, if one increases the values of
the descriptors of log S and MR or decreases the
values of NRB, SVD and Erumo-1, it improves the
CCB activity.

The activities predicted by the QSAR/MLR
mathematical model are shown in Table 6. Figure 5
presents the graph of the values of the activities
predicted as a function of the experimental values.
We noticed that the values of the predicted CCB
activities are in good agreement with the values
derived from the experiment, with the coefficient of
determination R?.s = 0.684 for the test set and R? =
0.762 for the learning set, this shows the good
correlation between the variables with the desired
activity.

Table 6. Experimental and Predicted pICso using MLR, and ANN models.

(N°)  (Exp) (Pred.) (N°)  (Exp. (Pred.)
MLR  ANN MLR  ANN
1 9.52 1093 10.93 16 8.52 8.81 8.97
) 10.44 10.75 1035 17 8.96 8.59 8.68
3) 10.74 10.64  10.69 18 8.45 8.48 8.74
4) 10.92 10.21 10.43 19 8.65 8.24 8.42
(5) 9.19 9.68 9.45 20 8.30 8.08 8.48
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(6) 8.55 8.41 8.90 21 8.20 7.86 8.15

(7 9.25 10.01 10.01 22 9.56 9.56 9.37

(8 9.34 10.17 10.17 23 9.67 9.46 9.19

9) 10.01 9.50 10.09 24" 9.28 9.38 9.38

(10) 9.19 8.98 8.92 25 9.72 9.16 8.72

(€8] 7.05 7.90 8.11 26 9.49 9.44 9.41

(12) 9.75 9.65 9.25 27 9.24 9.18 9.35

(13) 9.07 9.45 9.02 28 9.23 9.02 8.62

(14) 8.55 9.59 9.13 29" 8.05 8.79 8.79
(159 8.88 9.35 9.35 30 8.21 8.77 8.34

31 8.30 8.55 7.92
(* denotes: compounds selected for test set).
11 - °
C L]
10 - o* *

"3 PY °
'8 . e ® o %o L
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[-% [ ) [
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Standardised residuals

Figure 5. Correlation between experimental and predicted pICsy values.
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Figure 6. William's plot of QSAR/MLR model.

1.6

1-Residual bounds + 2.5 and h* = 0.250 1-The dotted red lines show the interval that delimits the domain of applicability. 2- Test

samples are in red dots and training samples are in black dots.
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Figure 7. ANN Structure.
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Figure 8. Correlation of predicted and experimental pIC50 values validated by the ANN model.
The structure of ANN is presented by a neural QSAR/ANN modeling was validated and

network which is a complex system composed of
neurons interconnected and divided into three
layers. From Figure 7, input layer is composed of
five neurons, each neuron receiving one of the five
descriptors in the QSAR/MLR model (Log S,
NRB, SVD, MR and Erumo+1). The most important
layer is the hidden layer also known by the word
middle contains three neurons which form the deep
internal entity which reveals the most interesting
relationship between experimental values and
predicted values. The output layer is represented by
a neuron, which takes care of sending back the
value of pICsy [62], and in Table 6 we find the
values of the predicted activities, calculated by the
ANN model. Figure 8 presents the predicted
activities as a function of the experimental activities
using the QSAR/ANN modeling. Therefore the
values of the predicted CCB activities are in good
agreement with the values drawn from the
experiment. His shows us a robust relationship
between the five descriptors with calcium channel
blocker activity. Robustness and reliability of the

confirmed by the following parameters: a
correlation coefficient of (R?= 0.767), and the test
data set (R%s = 0.876).

4. Conclusions
The QSAR/MLR and QSAR/ANN analysis were

conducted with a series of DHP14 derivatives as the
Calcium Channel Blockers. The reliability and
robustness of the models designed was been
validated using internal and external statistical
validation techniques to justify the prediction
quality of these models. These QSAR/MLR and
QSAR/ANN models are well supported by external
validation, thus proving their powers to predict with
remarkable accuracy the Calcium Channel Blocker
activity of the ligands in the series. According to the
correlation equation of the QSAR/MLR model, we
found that the Calcium Channel Blocker activity is
a function of following descriptors which directly
influence the activity: number of rotatable bonds,
intrinsic solubility, the, the sum of the degrees of
valence, molar refractivity and energy of LUMO+1.
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It can be noticed that the values of predicted BCC
activities are in good agreement with the
experimental values with correlation coefficient
R2es¢ = 0.684 for test set and R? = 0.762 and for the
training set, this shows a better correlation between
the wvarious variables. According to the
QSAR/ANN model, the predicted CCB activity are
in good agreement with those drawn from the
experiment. The robustness and reliability of the
QSAR/ANN model was justified and confirmed by
the following parameters: a correlation coefficient
(R?=10.767) and test data set (R%cs = 0.876). The
majority of ligands respect Dri-like filters: Lipinski,
Ghose and Veber. In the particular case, ligand 12
has the best scoring in the three rules mentioned
above. So these rules help us select Lead
compounds. The docking approach guided us to
explain the mechanism of the interactions inside the
complexes between the CCB activity and this type
of bioactive ligands. Concerning ligand 4, which is
the most active among all the compounds studied,
it interacts with all the key residues which have an
influence on the activity of the CCB.

The good activity of the ligands against the CCB is
deduced by the comparison of the number of
interactions in the complexes, between the key
residues and the most active ligands, as shown by
the activities observed in vitro. We also find that we
have more efficient activity if the interactions with
key residues are varied and high, so they verify and
substantiate the activities observed for the DHP14
derivatives studied.
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SUPPLEMENTAL INFORMATION

Table S1. 3D Chemical structures of 1, 4-dihydropyridinesderivatives under study (Table 1).
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